The size effect, namely the change of sheet resistance, Rs as a function of resistor length, has been investigated in layers whose conductive phase evolves from Pb-rich (Ru-deficient pyrochlores) to Pb2Ru206.5 and finally to RuO2 by increasing the firing temperature. It is found that Bi diffusion from the terminations is responsible for lower sheet resistance values in shorter resistors whatever the conductive phase is. On the contrary, Ag diffusion is responsible for lower sheet resistance values in shorter resistors only in the case of ruthenate conductive grains while the reverse is observed in RuO2-based layers. Size effect can be suppressed with Pt/Au-based terminations provided that no Bi is contained and with Au-metallorganic-based contact provided that the peak firing temperature is not too high.
INTRODUCTION
The size effect in thick-film resistors, namely the change of sheet resistance, Rs as a function of the resistor length, 1 is of great concern for designers of hybrid circuits and their users, since it greatly affects the performance and reliability of these resistors, preventing, among other things, a precise design of the electrical properties of short resistors.
Several investigations have been published on these effects in Ru-based resistors, either in the form of RuO or pyrochlore-type ruthenates.
At least two different causes of the size effect can be identified. The first one is associated with the change of shape (in particular thickness) of resistors when their length is varied. In this case the ratio between the actual resistance R and the aspect ratio (length 1/width w), does not represent the actual sheet resistance Ra, since the actual thickness is not constant for the whole set of resistors. Then R changes according to different 1, even if the resistivity of the material is constant into the resistive layer. This is usually a minor effect in Ru-based resistors, compared to the second source of size effects, namely a change of resistivity along the layer, associated with a compositional change.
The latter frequently occurs near the terminations due to interactions between the conductive layers and the resistive layers. Fig. 3 where the size effect of the resistors prepared at 900 C is reported), particularly in the case of Bi-free Ag-bearing conductors.
The effect of the peak firing temperature as a consequence of Ag diffusion into the resistors is shown in Fig. 4 Fig. 6c) while the formation of disconnected islands results from heating at higher temperatures (Fig. 6d) . This finding suggests strong driving forces for nucleation and weak interface between gold and alumina. As a consequence, resistance of the metal lines increases with the firing temperature. 
DISCUSSION
The described experiments have shown how complex the size effect can be. In fact, the same resistive layer on the same substrate exhibits a behaviour depending on the composition of the terminations but also an inversion of the effect itself by changing the firing temperature. This latter is due to silver diffusion. If we reasonably assume that the diffusion of elements from the termination does not affect the conductive phase transformation in the resistors, we can include all the observed effects in a single picture, according to the following statements:
i) Bi diffusion is responsible for a decrease of resistance in RuO2 as well as in ruthenate-based resistors3.
ii) Ag diffusion is responsible for a decrease of resistance in ruthenate-based resistors as well as in RuO2-based systems, provided that the latter are free from aluminium8; and
iii) The resistance of RuO2-based resistors containing aluminium, either due to its presence in the glass frit or interdiffusion from the substrate increases as a consequence of silver diffusion.
In this frame work, a qualitative explanation of the results concerning the size effect in these resistors can be easily given. With reference to Fig. 2 11-12. This is the reason why the inverse size effect is rarely observed in the commercial pastes.
CONCLUSIONS
The electrical properties of ruthenate-and ruthenium dioxide-based resistors exhibit some similarities but also some important differencesx3-14. 
